
Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



© Publication number: 



0 370 070 BH 



© 



EUROPEAN PATENT SPECIFICATION 



© Date of publication of patent specification: 01.09.93 © Int. CI. 5 : F15B 9/07, F15B 9/09, 

F15B 13/044 

© Application number: 88910240.6 

© Date of filing: 17.05.88 

© International application number: 
PCT/US88/01677 



© International publication number: 
WO 89/11597 (30.11.89 89/28) 



© SYNTH ETISIZED FLOW-CONTROL SERVOVALVE. 



© Date of publication of application: 
30.05.90 Bulletin 90/22 

© Publication of the grant of the patent: 
01.09.93 Bulletin 93/35 

© Designated Contracting States: 
DE FR GB SE 

@ References cited: 
EP-A-0 098 719 



@ Proprietor: MOOG INC. 
Jamison Road 

East Aurora New York 14052(US) 

© Inventor: GARNJOST, Kenneth, D. 
252 Rivermist Drive 
Buffalo, NY 14202(US) 

© Representative: Goodanew, Martin Eric et al 
MATHISEN, ft/I AC AR A & CO. The Coach 
House 6-8 Swakeleys Road 
Ickenham Uxbridge UB10 8BZ (GB) 



UJ 



Note: Within nine months from the publication of the mention of the grant of the European patent, any person 
may give notice to the European Patent Office of opposition to the European patent granted. Notice of opposition 
shall be filed in a written reasoned statement. It shall not be deemed to have been filed until the opposition fee 
has been paid (Art. 99(1) European patent convention). 



Rank Xerox <UK) Business Services 

(3. 10/3.6/3.3. i> 



BNSDOCID: <EP 0370070B1_I_> 



1. 



EP 0 370 070 B1 



2 



Description 

This invention relates generally to the field of 
electrically-controlled servovalves, and, more par- 
ticularly, to a two-stage electrohydraulic servovalve 
of the "pressure-flow" control type. 

An electrohydraulic servovalve is basically a 
device for converting an electrical input signal into 
a proportional hydraulic output. 

In a two-stage servovalve, a first- or pilot-stage 
is used as a hydraulic amplifier to selectively dis- 
place a second- or output-stage valve spool relative 
to a body. The pilot-stage typically has a torque 
motor operatively arranged to vary the position of a 
member in proportional response to a supplied 
electrical current. This member may be a flapper 
positioned between a pair of opposed nozzles, a 
deflector-jet, a jet pipe, or the like. In any event, 
the pilot-stage is employed to produce a pressure 
differential proportional to the supplied current, 
which differential is then applied to the end faces 
of the second-stage valve spool and used to selec- 
tively displace the spool relative to the body. Thus, 
the pilot-stage pressure differential creates a force 
which urges the valve spool to move from an 
equilibrium position, while the flow into the expand- 
ing spool end chamber and from the contracting 
spool end chamber determines the velocity of the 
spool relative to the body. The spool is, in turn, 
operatively arranged to control the hydraulic output 
(i.e., pressure, flow, etc.) of the servovalve. 

Such servovalves are also classified by type. 
See e.g.; Technical Bulletin 103, "Transfer Func- 
tions for Moog Servovalves", Moog Inc. (1965). For 
example, a "flow-control" servovalve is one in 
which flow through the second-stage at constant 
load is substantially proportional to the supplied 
electrical current. These valves typically have a 
spool position feedback loop closed about the 
spool and torque motor such that the magnitude of 
spool displacement off null will be substantially 
proportional to the magnitude of the supplied cur- 
rent. The direction of spool displacement is deter- 
mined by the polarity of the supplied current. The 
feedback mechanism may be in the form of a 
mechanical spring wire connecting the spool with 
the flapper (See, e.g., U.S. Patent No. 3,023,782), 
or in the form of centering springs operatively 
positioned in the spool end chambers, or may be 
electrical (see, e.g., U.S. Patent No. 3,752,189). 
Thus, in such a "flow-control" servovalve, the mag- 
nitude of spool displacement off null is substantially 
proportional to the magnitude of the supplied cur- 
rent. The effect of such spool displacement is to 
create ports or orifices through which fluid may 
flow. The area of such ports or orifices is generally 
proportional to the magnitude of spool displace- 
ment. However, flow through the second-stage is a 



function of such orifice area and the pressure dif- 
ferential there-across. Hence, if the load is con- 
stant, the pressure differential across the second- 
stage ports will normally be constant, and flow will 
5 be proportional to spool displacement and input 
current. On the other hand, if such pressure dif- 
ferential varies (e.g., as by the load varying), then 
flow through the second-stage will also vary. Nev- 
ertheless, this type of valve is commonly referred 
70 to as a "flow control" valve because, at constant 
load (i.e., at constant pressure differential) second- 
stage flow is substantially proportional to the sup- 
plied current. 

In a "pressure-control" servovalve, the hydrau- 
75 lie output of the second-stage is a differential pres- 
sure provided to the load. Thus, a four-way 
"pressure-control" servovalve will produce a dif- 
ferential pressure output proportional to the sup- 
plied current. This type of valve is structurally 
20 simitar to a "flow-control" valve, except that the 
spool position feedback loop is omitted, and a 
pressure feedback loop is closed about the 
second-stage spool and the load (see, e.g., U.S. 
Patent No. 2.931,389). In effect, the current sup- 
25 plied to the torque motor causes a first axial force 
to be applied to the spool. However, the load 
pressure differential exerts an opposing second 
force on the spool. These two forces equal one 
another when the load pressure differential equals 
30 the torque motor-produced differential. However, 
there is typically no feedback connection between 
the spool and the torque motor, such as a spring 
wire or centering springs in the case of a "flow- 
control" servovalve, and the second-stage spool 
35 will move to an equilibrium position relative to the 
body at which such opposing fluid forces balance 
one another. 

A "pressure-flow" (PQ) control servovalve is 
somewhat of a hybrid design, which combines the 
40 functions of pressure and flow control and contri- 
butes effective damping in highly-resonant loaded 
servosystems. Flow from these servovalves is de- 
termined not only by the magnitude of the supplied 
electrical current, but also by the differential load 
45 pressure. Such PQ servovalves have been pro- 
vided with a pressure feedback loop (i.e. as in the 
case of a "pressure-control" servovalve), and with 
a mechanical spool position feedback loop (i.e. as 
in the case of a "flow-control" servovalve). Such 
so PQ servovalves have heretofore been deliberately 
designed to have pressure-flow characteristics in- 
termediate those of conventional "flow-control" and 
"pressure-control" servovalves. As will be dem- 
onstrated infra, a "flow-control" servovalve has a 
55 high pressure gain at low currents. While this is 
desirable in some applications (e.g. to overcome 
threshold or static friction), it can produce problems 
in others. For example, if two "flow control" ser- 



2 



): <EP 0370070B1J_> 



3 



EP 0 370 070 B1 



4 



vovalves are used in parallel to control the position 
of a common load, a differential in the pressure-to- 
current gains of the valves can produce force- 
fighling between the valves. As indicated above, 
such pressure gain varies inversely with current in 5 
conventional "flow-control" valves. In other words, 
for small currents, the pressure gains are high and 
the problem of force-fighting between the valves is 
amplified. Because of this, the PQ valve was devel- 
oped largely to reduce the pressure gain at small to 
currents and to provide a valve suitable for use in 
such redundant or tandem applications. 

In some actuator systems, it is sometimes de- 
sired to provide for redundant operation. This is 
common in aircraft applications, particularly with 75 
the advent of fly-by-wire control systems. Various 
types of redundant control systems are shown and 
described in Technical Bulletin 105, "New Ser- 
vovalves for Redundant Electrohydraulic Control", 
Moog Inc. (1963). In such redundant control sys- 20 
terns, it is generally desired to equalize the opera- 
tion of multiple servovalves so as to avoid force- 
fighting therebetween at the actuator. 

The invention aims to provide an electrically- 
control led servovalve of the "pressure-flow" type 25 
which is particularly adapted for use in redundant 
servosystems and has pressure-flow characteristics 
approximating those of a conventional "flow-con- 
trol" servovalve. 

To this end, according to the invention there is 30 
provided a two-stage electrohydraulic servovalve 
associated with a fluid-powered load, said ser- 
vovalve being associated with a fluid source and a 
fluid return and arranged to control a flow of fluid 
through a control port with respect to said load, 35 
said servovalve comprising a pilot-stage adapted to 
be supplied with electrical current and operative to 
produce a pilot-stage pressure proportional to said 
current, a second-stage valve member mounted for 
movement relative to a body to vary the area of at 40 
least one orifice through which fluid will flow with 
respect to said load, a pressure feedback loop 
closed about said load and said second-stage valve 
member and operative to cause said second-stage 
to produce at least one second-stage output pres- 45 
sure responsive to said pilot-stage pressure, and a 
position feedback loop closed about said second- 
stage valve member and said pilot-stage, charac- 
terised in that said position feedback loop is an 
electrical feedback loop operatively arranged to so 
produce a valve member position error signal as 
the algebraic sum of a valve member position 
command signal and a negative valve member 
position feedback signal, said position error signal 
being amplified to supply current to said pilot stage 55 
proportional to said position error signal, and in that 
the amplification of said position error signal is 
such as to cause said servovalve substantially to 



have the pressure-flow characteristics of a conven- 
tional flow-control servovalve in response to said 
position command signal, the current supplied to 
said pilot-stage being proportional to said second- 
stage output pressure. 

The servovalve may be a four-way servovalve 
arranged to control flows of fluid through two con- 
trol ports, the pilot stage being operative to pro- 
duce a pilot-stage pressure differential proportional 
to the current supplied thereto, and the pressure 
feedback loop being operative to cause said sec- 
ond stage to produce a second stage pressure 
differential proportional to the pilot stage pressure 
differential. 

The invention thus provides a two-stage elec- 
trohydraulic servovalve with pressure and position 
feedback loops which are intertwined such that the 
command to the pressure loop is a function of the 
error of the position loop, with the gain of the 
position loop so dominating the gain of the pres- 
sure loop that the pressure-flow characteristics of 
the valve approximate those of a conventional 
"flow-control servovalve, and which affords access 
to an electrical signal (i.e. the command to the 
pressure loop) within the spool position feedback 
loop which is substantially proportional to the load 
pressure or load pressure differential. Hence, the 
servovalve outwardly simulates the performance 
characteristics of a "flow-control" servovalve, but 
allows load pressure or pressure differential to be 
readily and continually monitored so that force- 
fighting between valves in a redundant control sys- 
tem can be avoided. 

Brief Description of the Drawings 

Figure 1A is a structural schematic of a con- 
ventional two-stage "flow-control" electrohydraulic 
servovalve. 

Figure 1B is a typical block diagram of the 
"flow-control" servovalve shown in Figure 1A. 

Figure 1C is a plot of the pressure-flow char- 
acteristics of the "flow-control" servovalve shown in 
Figure 1A. 

Figure 2A is a structural schematic of a con- 
ventional two-stage "pressure-control" elec- 
trohydraulic servovalve. 

Figure 2B is a typical block diagram of the 
"pressure-control" servovalve shown in Figure 2A. 

Figure 2C is a plot of the pressure-flow char- 
acteristics of the "pressure-control" servovalve 
shown in Figure 2A. 

Figure 3A is a structural schematic of a con- 
ventional two-stage "pressure-flow" elec- 
trohydraulic servovalve. 

Figure 3B is a typical block diagram of the 
"pressure-flow" servovalve shown in Figure 3A. 
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Figure 3C is a plot of the pressure-flow char- 
acteristics of the "pressure-flow" servovalve shown 
in Figure 3A. 

Figure 4A is a structural schematic of an im- 
proved two-stage electrohydraulic servovalve hav- 
ing pressure-flow characteristics approximately 
those of a conventional "flow-control" servovalve, 
but affording access to an electrical signal substan- 
tially proportional to the load pressure differential. 

Fig. 4B is a typical block diagram of the im- 
proved servovalve shown in Fig. 4A. 

Fig. 4C is a plot of the pressure-flow char- 
acteristics of the improved servovalve shown in 
Fig. 4A. 

Fig. 4D is a graph comparing the pressure-flow 
characteristics of the "flow control", "pressure con- 
trol" and "pressure-flow" servovalves, showing the 
range of pressure gain heretofore possible with 
mechanical position feedback, and also shows the 
extended range possible to achieve with electrical 
feedback. 

Mode(s) of Carrying Out the Invention 

At the outset, it should be clearly understood 
that like reference numerals are intended to identify 
the same structural elements, portions or surfaces 
consistently throughout the several drawing figures, 
as such elements, portions or surfaces may be 
further described or explained by the entire written 
specification, of which this detailed description is 
an integral part. Unless otherwise indicated, the 
drawings are intended to be read (e.g., cross- 
hatching, arrangement of parts, proportion, degree, 
etc.) together with the specification, and are in- 
tended to be considered a portion of the entire 
written description of this invention. As used in the 
following description, the terms "horizontal", 
"vertical", "left", "right", "up" and "down", as well 
as adjectival and adverbial derivatives thereof (e.g., 
"horizontally", "rightwardly", "upwardly", etc.) sim- 
ply refer to the orientation of the illustrated struc- 
ture as the particular drawing figure faces the read- 
er. Similarly, the terms "inwardly" and "outwardly" 
generally refer to the orientation of a surface rela- 
tive to its axis of elongation, or axis of rotation as 
appropriate. 

Before proceeding, it is deemed advisable to 
first review the fundamental structure and operation 
of several prior art types of servovalves, in order 
that the improvement may be better appreciated in 
context. 

Prior Art "Flow-Control" Servovalve (Figs. 1A-1C) 

Fig. 1A schematically depicts the structure of a 
conventional two-stage "flow-control" elec- 
trohydraulic servovalve, generally indicated at 10, 



in operative association with a fluid-powered ac- 
tuator, generally indicated at 11, having opposed 
piston faces of equal area facing into the actuator 
left and right chambers 12,13. Fig. 1B depicts a 
5 representative block diagram of the servoactuator 
shown in Fig. 1A, and Fig. 1C shows the pressure- 
flow characteristics of such a "flow-control" ser- 
vovalve. 

Referring now to Fig. 1A, servovalve 10 is of 

io the type more fully shown and described in U.S. 
Patent No. 3,023,782, the aggregate disclosure of 
which is hereby incorporated by reference. This 
servovalve has a first- or pilot-stage operatively 
arranged to selectively displace a second-stage 

75 valve spool 14 relative to a body 15. The first-stage 
includes a torque motor 16 operatively arranged to 
produce substantially-frictionless pivotal movement 
of a flapper 18 (i.e., in the plane of the paper) in 
response to a supplied electrical current. The po- 

20 larity of such supplied current determines the di- 
rection (i.e., either clockwise or counterclockwise) 
of such pivotal movement, and the magnitude of 
such current determines the magnitude of such 
pivotal movement in the appropriate direction. The 

25 flapper has a portion arranged between two op- 
posed left and right nozzles 19,20. Pressurized 
fluid at supply pressure P s is continually provided 
to the ends of passageways 21,22 which commu- 
nicate with nozzles 19,20, respectively. Each pas- 

30 sageway contains a restrictive orifice. Hence, fluid 
is continuously discharged through both nozzles 
into a common chamber 23, which communicates 
with a fluid return or sump at a return pressure R. 
Branch passages 24,25 communicate passageways 

35 21 ,22 intermediate their restricted orifices and noz- 
zles, with left and right spool end chambers 26,28, 
respectively. A mechanical feedback spring wire 29 
acts between the spool and flapper. 

Spool 14 is shown as having three axially- 

40 spaced lobes mounted on a common stem, with 
each lobe being zero-lapped with respect to an 
associated body slot or port when the spool is in a 
null position, as shown in Fig. 1A. Thus, in such 
null position, the left and right spool lobes just 

45 cover left and right body slots, respectively, com- 
municating with a source (not shown) of pressur- 
ized fluid at supply pressure P s , while the middle 
lobe just covers a return slot at the return pressure 
R. The annular chamber between the left and mid- 
50 die lobes communicates via control port Ci with 
actuator left chamber 12, and the annular chamber 
between the middle and right lobes communicates 
via control port C 2 with actuator right chamber 13. 
Hence, servovalve 10 is a four-way valve, with 

55 operative connections to P s , R, Ci and C2. 

When no current is supplied to the torque 
motor, certain centering springs (not shown) therein 
urge flapper toward a centered position between 
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nozzles 19,20. However, the flapper is connected 
to the spool by spring wire 18. Hence, if the spool 
is off-null when the current is zero, the spring wire 
will prevent the flapper from moving to such cen- 
tered position. Hence, a pressure differential will be 
created between the spool end chambers, which 
differential urges the spool to move back toward 
the null position. Ultimately, when the spool has 
moved to such null position, there will be no flow 
through the second-stage with respect to control 
ports Ci , C 2 . 

Assume now that a current of appropriate mag- 
nitude and polarity is supplied to the torque motor 
to cause the flapper to pivot in a clockwise direc- 
tion. This will cause the flapper to move closer to 
left nozzle 19, thereby increasing the back pres- 
sure in left spool end chamber 26, and farther from 
right nozzle 20, thereby decreasing the back pres- 
sure in right spool end chamber 28. The differential 
pilot pressure thus created between chambers 
26,28 exerts a net force on the spool, which causes 
it to move rightwardly off null relative to the body. 
Such rightward spool displacement will continue 
until feedback spring wire 29 pulls the initially- 
displaced flapper back to a centered position be- 
tween the two nozzles, where the differential pilot 
pressure is just sufficient to bend the spring wire to 
balance the torque developed by the motor. Hence, 
rightward spool displacement will be substantially 
proportional to the magnitude of the supplied cur- 
rent. Such rightward displacement of the spool 
relative to the body allows fluid to flow from the 
source through control port C2 to actuator right 
chamber 13, and from actuator left chamber 12 
through control port Ci to return. 

Alternatively, if a current of opposite polarity is 
supplied to the torque motor, the flapper will pivot 
in a counterclockwise direction so as to be ar- 
ranged closer to right nozzle 20 and farther from 
left nozzle 19. This will create an opposite pilot 
pressure differential between spool end chambers 
26,28, to displace the spool leftwardly off null. Such 
leftward displacement of the spool relative to the 
body will continue until spring wire 29 pulls the 
flapper back to a centered position between the 
two nozzles, where the differential pressure in the 
spool end chambers is just sufficient to bend the 
spring wire to balance the torque developed by the 
motor. The amount of such leftward displacement 
will be proportional to the magnitude of the sup- 
plied current, the direction of movement being in- 
dicated by the polarity of such current. However, In 
this case, fluid may flow from the source through 
control port C1 to actuator left chamber 12, and 
from actuator right chamber 13 through control port 
C2 to return. 

In the absence of a supplied current (i.e., i = 
0), the centering springs (not shown) in the torque 
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motor will allow the feedback spring wire to deflect 
the flapper so as to cause the spool to move 
toward the null position until such feedback spring 
force is reduced to zero. When the spool has 

5 returned to the null position, as shown, further flow 
through the second-stage is blocked. 

This type of valve is called a "flow-control" 
servovalve because, for a constant external load 
acting on the actuator, flow through the valve will 

10 be substantially proportional to the supplied cur- 
rent. See, e.g., Technical Bulletin 103, "Transfer 
Functions for Moog Servovalves", supra [at pp. 3- 
4]. As indicated above, the term "flow-control", 
while now widely adopted to refer to this type of 

75 valve, is somewhat inapt since flow will be propor- 
tional to current only at constant load. If the pres- 
sure differential across the second-stage orifices 
varies, so will the flow. Nevertheless, in this type of 
valve, the magnitude of spool displacement off null 

20 is substantially proportional to the magnitude of the 
supplied current, at constant load. 

Fig. 1B is a typical block diagram of the "flow- 
control" servovalve and actuator shown in Fig. 1A. 
A command signal Xc, representing the desired 

25 position of the actuator rod relative to its cylinder, 
is supplied as a positive input to a summing point 
30, which also receives a negative feedback signal 
X a reflective of the actual actuator position. These 
two signals are algebraically summed to produce 

30 an actuator position error signal Xe. This signal, 
when multiplied by an appropriate gain K ? , in- 
dicated in block 31 , is supplied to a servoamplifier 
32 to provide a current i of appropriate magnitude 
and polarity. That current is then supplied to the 

35 torque motor, represented by block 33, which ex- 
erts a torque T tm on the flapper and urges it to 
move pivotally between the nozzles. That torque is 
supplied to a summing point 34, which also re- 
ceives the opposing torque T f exerted by the 

40 spring wire as a negative feed-back signal. Torques 
T tm and Tf are algebraically summed to produce a 
net torque T n , which, when divided by the stiffness 
of the flapper, represented by a gain of I/Km in 
block 35, produces a flapper displacement x f be- 

45 tween the nozzles. This flapper displacement, when 
multiplied by the pilot-stage flow gain Kq P in block 
36, produces a pilot-stage flow Q P to the spool end 
chambers. The pilot-stage flow acts on the spool 
end face (which is of area A s ) to produce a spool 

50 velocity, which integrates naturally (as indicated by 
the function 1/S) to produce spool position x s . 
Hence, pilot flow Qp when multiplied by a gain of 
1/A S S in block 38, produces spool position x s . This 
spool position is supplied via a spool position feed- 

55 back loop containing a gain K f in block 39, repre- 
senting the stiffness of the spring wire, to summing 
point 34 as signal T ( . The spool position x s is 
multiplied by the spool flow gain, represented by 

5 
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Kq S in block 40, to produce a flow Q a to the 
actuator. This flow acts against the face of the 
actuator piston (of area A a ) and integrates naturally 
to produce actuator position X a . Hence, signal O a is 
multiplied by a gain of 1/A a S in block 41, to pro- 
duce actuator position X a . The actuator position is 
coupled to the load, indicated in block 42. A posi- 
tion servoloop, containing an appropriate gain K in 
block 43, is typically closed about the actuator and 
servovalve, and supplies the actual actuator posi- 
tion signal X a back to summing point 30. This outer 
servoloop operates the valve so as to drive the 
actuator position error toward zero. 

Fig. 1C illustrates the typical pressure-flow 
characteristics of such a "flow-control" servovalve. 
The ordinate expresses flow as a fraction of flow at 
zero-load, while the abscissa expresses differential 
load pressure (i.e., Pi - P 2 ) as a percentage of 
supply pressure. Assuming the presence of shar- 
pedged orifices, the general equation for flow (Q) of 
an incompressible fluid through such a "four-way" 
"flow-control" valve is: 

(1) Q = CA(P s -AP L )i 

where C is a constant, A is the area of the orifice or 
port created when the spool is moved off null, Ps is 
the supply pressure, and AP L is the load pressure 
differential (i.e., Pi - P 2 ). In Fig. 1C, the orifice area 
A is expressed in terms of its analog valve current 
(i), and is expressed as a fraction of its maximum 
value. Thus, Fig. 1C depicts a first family of para- 
bolic curves issuing from AP L = + 1 into the first 
and second quadrants, and a second family of 
such curves issuing from AP L = -1 into the third 
and fourth quadrants. These two families of curves 
are identical in shape. The first family indicates that 
the supplied current is positive, and the second 
indicates that such current is negative. The polarity 
of the load pressure differential indicates the direc- 
tion of the applied load, and the polarity of the flow 
indicates the direction of such flow. Hence, in the 
first and third quadrants, the load opposes the 
desired direction of actuator movement, and in the 
second and fourth, the load aids such movement. 
Since the opposing faces of the actuator piston are 
of equal area, the flow into one actuator chamber 
will substantially equal the flow from the other. 

As noted previously, at small currents near the 
abscissa (i.e., x-axis), the pressure gain of such a 
"flow-control" valve is comparatively high. This is 
highly advantageous when used to break-out from 
a static position. However, this characteristic makes 
difficult the use of two "flow-control" servovalves in 
a redundant-type application because a mismatch 
in the pressure gains of the two valves leads to 
force-fighting therebetween at the load. 



Prior Art "Pressure-Control" Servovalve (Figs. 2A- 
2C) 

Fig. 2A schematically illustrates the structure of 

5 a conventional two-stage "pressure-control" ser- 
vovalve, generally indicated at 45, operatively asso- 
ciated with actuator 11. Fig. 2B illustrates a typical 
block diagram of the servoactuator shown in Fig. 
2 A, and Fig. 2C depicts the pressure-flow char- 

70 acteristics of such servovalve. 

Referring now to Fig. 2A, servovalve 45 is 
generally of the type disclosed in U.S. Patent No. 
2,931,389, the aggregate disclosure of which is 
hereby incorporated by reference. This type of 

75 servovalve has a first- or pilot-stage similar to that 
previously described. Hence, the same reference 
numerals have been used to again refer to such 
previously-described structure, and the following 
description can be somewhat abbreviated and fo- 

20 cused on the differences between the "flow-con- 
trol" and "pressure-control" servovalves. 

While the first-stage is again of the nozzle- 
flapper type, it should be noted that mechanical 
feedback spring wire 29 has been deliberately 

25 eliminated. Moreover, the second-stage spool, to- 
gether with its operative connections to the load, 
differs from that previously described. Spool 46 
again has three axially-spaced zero-lapped lobes. 
However, when the spool is at null, as shown in 

30 Fig. 2A, the left and right spool lobes just cover 
and close body slots communicating with the pres- 
sure supply P s , and the spool middle lobe just 
covers a common fluid return slot. Moreover, a 
stub shaft extends axially outwardly from each end 

35 of the spool. The pressures in passageways 21,22 
are supplied via branch passages 24,25 to annular 
spool end chambers 48,49, respectively, surround- 
ing the respective stub shafts. Pressure Pi in ac- 
tuator left chamber 12 is supplied by a passage 52 

40 to act on the end face of left stub shaft 51. Con- 
versely, the pressure P 2 in actuator right chamber 
13 is supplied by a passage 50 to act on an end 
face of right stub shaft 53. Because feedback 
spring wire 29 has been omitted, the spool and 

45 flapper are mechanically uncoupled. Hence, the 
spool may move to any position determined by the 
various fluid forces acting thereon, as described 
infra. The annular surfaces of the spool facing into 
chambers 48,49 are both of area A s while the 

50 circular end faces of the stub shafts are both of 
area A f . 

Hence, an electrical current of desired polarity 
and magnitude may be supplied to the torque 
motor to pivotally displace the flapper 18 between 
55 nozzles 19,20. The position of the flapper relative 
to these nozzles is again employed to develop 
back pressures in passageways 21 ,22, which are 
supplied via branch passageways 24,25 to spool 
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end chambers 48,49, respectively. The differential 
of these back pressures acts against area A s to 
exert a first force on the spool which urges it to 
move off null in the appropriate direction. However, 
the load pressures Pi ,P2 are supplied via passages 
52,50, respectively, to act on the opposing end 
faces of the stub shafts. Hence, the pressure dif- 
ferential supplied by the pilot stage exerts a first 
force on the spool, and the load pressure differen- 
tial exerts a second opposing force on the spool. 
Thus, the differential load pressure (i.e., Pi - P2) 
will vary directly with the differential pilot pressure 
in annular chambers 48,49 through a constant gain 
equal to the ratio of the spool areas facing into 
chambers 48,49 to the area of the stub shaft end 
faces (i.e., A s /A f ). Hence, this type of valve is 
called a "pressure-control" servovalve because the 
load pressure differential is proportional to the sup- 
plied current. 

When the supplied current is zero, the com- 
manded load pressure is zero. In this situation, 
centering springs (not shown) in the torque motor 
move the flapper back to a centered position be- 
tween the two nozzles. Hence, equal back pres- 
sures are supplied by the pilot-stage to spool end 
chambers 48,49. These pressures exert equal and 
opposing forces on the spool which effectively can- 
cel one another. If the load pressure differential 
attempts to rise above zero, as by an external load 
being applied to the actuator, such differential pres- 
sure will act on the area of the stub shaft end face 
to displace the spool in the appropriate direction to 
relieve such load pressure differential. 

On the other hand, suppose that an appropriate 
current is now supplied to the torque motor. The 
polarity of that current will indicate the polarity of 
the desired output pressure differential (i.e., Pi > 
P2, or Pi < P 2 ), and the magnitude of that current 
will indicate the magnitude of the desired differen- 
tial. Such supplied current will cause an appro- 
priate proportional pivotal movement of the flapper 
relative to the nozzles, and the pressure differential 
created in spool end chambers 48,49 will displace 
the spool off null in the appropriate direction to 
authorize such commanded differential. If the actual 
load pressure differential is less than that com- 
manded, the spool will move farther off null in an 
attempt to increase the load pressure differential to 
that commanded. On the other hand, if the load 
pressure differential is greater than that command- 
ed, the spool will be urged back toward null in an 
attempt to reduce the actual differential. Thus, in 
such a "pressure-control" valve, the load pressure 
differential is substantially proportional to the sup- 
plied current, but flow through the second-stage is 
not controlled. 

Fig. 2B illustrates a typical block diagram of 
the servoactuator shown in Fig. 2A. From a macro- 



scopic view point, the block diagram for the 
pressure-contror servovalve differs from that of the 
"flow-control" servovalve in that the spool position 
feedback loop has been deliberately omitted, and a 
5 pressure feedback loop has been added. Since 
many of the feedforward elements are the same, 
the same reference numerals have again been 
used to indicate corresponding summing points or 
blocks. Thus, a command signal Xc, again repre- 
10 senting the desired position of the actuator rod 
relative to the cylinder, is supplied as a positive 
input to summing point 30, which also receives a 
negative feedback signal X a reflective of the actual 
actuator position. These two signals are algebra- 
75 ically summed to produce an actuator position er- 
ror signal Xe which is supplied to servoamplifier 32 
via an intermediate gain block 31. The servoam- 
plifier then supplies a current i proportional to the 
position error signal to torque motor 33, which, in 
20 turn, exerts a torque T on the flapper. Summing 
point 34 has been eliminated, and such torque, 
when divided by the stiffness of the flapper, again 
represented by a gain of 1/K m in block 35, pro- 
duces a flapper displacement x p between the noz- 
25 zles. This flapper displacement is then multiplied 
by the flow gain of the pilot stage, presented by a 
gain of Kq P in block 36, to produce a pilot flow Q P1 
to spool end chambers 48,49. This pilot flow is 
supplied as a positive input to summing point 55, 
30 which also receives a flow Q P2 as a negative feed- 
back signal from the pressure feedback loop. 
These two mathematical flows are algebraically 
summed in summing point 55, and the difference 
therebetween supplied as a net flow O n . This net 
35 flow, when divided by the area of the spool end 
chamber, naturally integrates to produce a spool 
position. Hence, the net flow Q n is multiplied by a 
gain of 1/A S S in block 38 to produce spool position 
x s . This signal, when multiplied by the flow gain of 
40 the spool, represented by a gain of Kqs in block 
40, produces a flow Q a to the actuator. This flow 
acts against an area of the actuator to produce a 
velocity, and integrates naturally to produce a posi- 
tion. Hence, Q a is multiplied by a gain of 1/A a S in 
45 block 41 to produce actuator position X a . This 
signal acts on the load, indicated by block 42. At 
the same time, the actuator position is supplied via 
gain block 43 as the negative feedback signal to 
summing point 30. A pressure feedback loop is 
50 closed about the load and the spool. The force F L 
exerted on the load, when divided by the effective 
area of the actuator piston, represented by a gain 
of 1/A a in block 56, produces the differential ac- 
tuator pressure Pi - P2. This differential pressure, 
55 is then multiplied by the ratio of the area of the 
spool stub shaft to that of the spool end chamber, 
this being represented by a gain of A f /A s in block 
58, to produce an equivalent differential pilot pres- 
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sure Pp. This, when multiplied by gain K p in block 
59, produces an equivalent pilot flow Qp 2 , which is 
supplied to summing point 55. 

Thus, in such a "pressure-control" valve, there 
is typically no mechanical feedback loop closed 5 
about the spool and driver. Rather, the spool is free 
to move to- any position commanded by the various 
fluid forces acting thereon. However, a pressure 
feedback loop is closed about the load and the 
spool, for exerting a force on the spool which 10 
opposes the force attributable to the pilot pressure 
differential produced by the commanded flapper 
displacement. Hence, the differential load pressure 
is substantially proportional to the current supplied 
to the torque motor. However, flow through the 75 
valve is not controlled. 

Fig. 2C is a plot of the representative pressure- 
flow characteristics of the "pressure-control" ser- 
vovalve shown in Fig. 2A. The ordinate again ex- 
presses flow as a fraction of maximum flow at zero- 20 
load, and is either positive or negative depending 
upon the direction of such flow. The abscissa again 
expresses differential load pressure (i.e.. Pi - P2) 
as a fraction of supply pressure (i.e., P s ), and is 
also either positive or negative depending upon the 25 
polarity of such load pressure. The dashed lines 
represent the maximum possible flow through the 
valve at maximum valve opening (i.e., i = i max ), 
and is calculated from equation (1). These dashed 
line curves represent the outer limits of the ability 30 
of the servovalve to respond. Fig. 2C illustrates a 
family of horizontally-spaced substantially-vertical 
curves, the upper and lower margins of which 
appear to asymptotically approach the maximum 
flow characteristics of the valve. The various curves 35 
of this family represent different positive and nega- 
tive currents (expressed as a percentage of maxi- 
mum current) supplied to the torque motor. Thus, 
these curves simply illustrate that load pressure 
differential is substantially proportional to supplied 40 
current and relatively independent of flow. 

Prior Art "Pressure-Flow" Servovalve (Figs. 3A- 
3C) 

45 

Fig. 3A schematically depicts the fundamental 
structure of a known "pressure-flow" servovalve, 
generally indicated at 60, again in operative associ- 
ation with actuator 11. This type of valve is com- 
monly referred to as a "PQ" valve, and is more 50 
fully shown and described in U.S. Patent No. 2,964, 
059, in Technical Bulletin 103, "Transfer Functions 
of Moog Servovalves", Moog Inc. (1965) and in 
Technical Bulletin 101, "Controlled Damping 
Through Dynamic Pressure Feedback", Moog Inc. 55 
(1972), the aggregate disclosures of which are 
hereby incorporated by reference. Fig. 3B depicts 
a typical block diagram of a servoactuator employ- 
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ing such a "PQ" valve, and Fig. 3C is a plot of the 
representative pressure-flow characteristics of 
same. 

A "PQ" servovalve typically has interwined me- 
chanical spool position and pressure feedback 
loops. More particularly, the spool position loop is 
closed about the spool and pilot stage, while the 
pressure loop is closed about the load and spool. 
Hence, such a "PQ" valve typically has the me- 
chanical spool position feedback loop of a conven- 
tional "flow-control" servovalve, and the pressure 
feedback loop of a conventional "pressure-control" 
servovalve. Such "PQ" valves as have been devel- 
oped heretofore, have been deliberately designed 
to have pressure-flow characteristics, illustrated in- 
fra, between those of a pure "flow-control" valve 
and those of a pure "pressure-control" valve. The 
reason for this is that, if destined for use in a 
redundant servosystem where two or more valves 
are employed to move a common load, it is im- 
perative to reduce the high pressure gain of "flow- 
control" servovalves at low currents, so as to re- 
duce force-fighting. Thus, the PQ servovalve was 
developed to reduce such high pressure gain char- 
acteristics of the "flow-control" valve. 

Referring now to Fig. 3A. "PQ" servovalve 60 
is shown as again including torque motor 16 having 
its flapper 18 operatively arranged for pivotal 
movement between opposed nozzles 19,20 in re- 
sponse to the polarity and magnitude of the sup- 
plied electrical current. Passageways 21,22 con- 
tinuously supply pressurized fluid from a suitable 
source (not shown) to left and right nozzles 19,20. 
Fluid is discharged through these nozzles into a 
common chamber 23 at return pressure R. Here 
again, the position of the flapper relative to the two 
nozzles is used to control the back pressures in 
passageways 21,22, which communicate with an- 
nular spool end chambers 48,49 via branch pas- 
sages 24,25, respectively. Spool 61 is similar to the 
spool of the "pressure-control" servovalve, pre- 
viously described, in that it has three axially- 
spaced zero-lapped lobes with stub shafts 62,63 
issuing axially outwardly from either end. When the 
spool is in its null position, as shown in Fig. 3A, the 
left and right lobes just cover and close left and 
right supply ports communicating with a suitable 
source (not shown) of fluid at supply pressure P s , 
and the middle lobe just covers and closes a 
common return port at return pressure R. A spring 
wire 29 operatively connects the flapper and spool 
to close a mechanical spool position feedback loop 
about the spool and driver. Branch passages 64,65 
communicate the load pressures Pv,P2 in actuator 
chambers 12,13 with the stub shaft end chambers 
66,68. 

Thus, in the absence of a supplied current (i.e., 
i = 0), the torque motor centering springs (not 
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shown) will urge the flapper to move toward a 
centered position between the two nozzles, at 
which the differential pressure in the spool end 
chambers is just sufficient to bend the feedback 
spring wire so as to balance the motor-produced 
torque. If the load pressure differential (Pi - P 2 ) is 
also zero, the spool will be in its null position 
relative to the body (as shown), and there will be 
no flow through the valve. 

If now a load is applied to the actuator such 
that Pi > P2, a load pressure differential (i.e., Pi - 
P2) will exert a net rightward force on the spool in 
an attempt to relieve the differential, since the 
existence of a differential varies from the zero 
differential electrically commanded. However, such 
rightward movement of the spool also pulls the 
flapper closer to right nozzle 20 and farther from 
left nozzle 19. Hence, the pressure differential cre- 
ated by the pilot stage acts on the annular spool 
end face to exert an opposing leftward force on the 
spool. Hence, the spool will move rightwardly to a 
position at which these two fluid forces balance one 
another. 

Conversely, if an electrical current of desired 
polarity and magnitude is supplied to the torque 
motor when the spool is at null, the flapper will 
move to an electrically-commanded position be- 
tween the nozzles. This will create a pressure dif- 
ferential in spool end chambers 48,49: which will 
drive the spool in the appropriate direction. How- 
ever, as the load pressure differential (Pi - P 2 ) 
begins to increase, this differential, acting across 
the area of the stub shafts, will exert an opposing 
force on the spool. Moreover, the feedback spring 
wire 29 will tend to pull the flapper back toward a 
centered position between the nozzles. 

Fig. 3B is a typical block diagram of the ser- 
voactuator shown in Fig. 3A. Here again, since the 
various blocks and gains of the structure shown in 
Fig. 3B have been previously described, the same 
reference numerals will be used, where applicable, 
to previously-described structure. A position com- 
mand signal Xc is supplied as a positive input to 
summing point 30, which also receives a signal X a , 
reflective of the actual actuator position, as a nega- 
tive feedback signal. These two signals are al- 
gebraically summed, and the difference there- 
between is supplied as an actuator position error 
signal to servoamplifier 32 via an intermediate 
gain block 31. The servoamplifier produces a cur- 
rent i proportional to the position error Xe. Such 
current causes the torque motor 33 to exert a 
torque T tm , which is supplied as a positive input to 
summing point 34. This summing point also re- 
ceives a torque T f due to the effect of the feedback 
spring wire as a negative input. These two torques 
are algebraically summed to produce a net torque 
T n . This signal is then multiplied by the stiffness of 
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the flapper, represented by a gain of 1/K m in block 
35, to provide the flapper position x p . The flapper 
position is then multiplied by the pilot-stage flow 
gain, this being indicated by a gain Q 0 p in block 

5 36, to provide a first pilot flow Q P1> which is sup- 
plied as a positive input to summing point 55. This 
summing point also receives an opposing flow Q P2 
from the pressure feedback loop. These two math- 
ematical flows are algebraically summed to provide 

10 a net flow Q n on the spool. This flow is represented 
as acting against the spool end chamber to provide 
a velocity, which integrates naturally to produce a 
spool position x s . Hence, the gain in block 38 is 
represented as being 1/A S S. The spool position is 

15 multiplied by the feedback wire stiffness^ repre- 
sented by a gain of K f in block 39, to provide the 
feedback torque signal T ( to summing point 35. 
The spool position signal x s is then multiplied by 
the second-stage flow gain, represented by a gain 

20 of Kq S in block 40, to produce a net flow Q a to the 
actuator. This flow can be divided by the area of 
the actuator against which it acts, to produce spool 
velocity, which integrates naturally to produce 
spool position. Hence, flow Q a , when multiplied by 

25 a gain of 1/A a S in block 41, produces actuator 
position X a . This is supplied to the load, repre- 
sented by block 42, which produces a force there- 
on. This force when divided by the area of the 
actuator A a , shown in block 56, produces a signal 

30 Pi - P 2 representing the load pressure differential. 
This differential when multiplied by the ratio of the 
area of the stub shaft to the annular spool end 
face, represented by A f /A s in block 58, produces 
an equivalent change in the pilot pressure. This 

35 change when multiplied by a gain of Kp in block 59 
provides flow an equivalent Qp2, which is supplied 
to summing point 55. The actuator position signal 
X a is supplied as a negative feedback to summing 
point 30 via an intermediate gain K in block 43. 

40 Fig. 3C is a plot of the typical pressure-flow 

characteristics of such a "PQ" servovalve. The 
ordinate again expresses flow as a fraction of maxi- 
mum flow at zero-load, and is either positive or 
negative depending upon the direction of such 

46 flow. Similarly, the abscissa depicts the load pres- 
sure differential as a fraction of the supply pres- 
sure, and is also either positive or negative de- 
pending upon the polarity of such differential. The 
dashed line curves represent the maximum flow 

50 through the valve at maximum valve opening (i.e., i 
= imax), and expresses a limitation on the capacity 
of the valve to respond. Fig. 3C depicts a family of 
substantially-linear inclined parallel curves. The 
several curves of this family are individually iden- 

55 tified by the amount of current supplied to the 
valve, expressed as a fraction of maximum current. 

Thus, Fig. 3C visually depicts that the 
pressure-flow characteristics of such prior art "PQ" 
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valves have been between those of a conventional 
"flow-control" servovalve (i.e., Fig. 1B) and a con- 
ventional "pressure-control" servovalve (i.e., Fig. 
2B). 

5 

Improved Servovalve (Figs. 4A-4D) 

The present invention provides an improved 
electrically-controlled servovalve having intertwined 
spool position and pressure feedback loops, as in io 
the case of a "PQ" valve, but nevertheless having 
deliberate and intended pressure-flow characteris- 
tics approximating those of a conventional "flow- 
control" valve. Otherwise stated, the invention pro- 
vides an improved servovalve which outwardly be- 75 
haves as though it were a conventional "flow-con- 
trol" servovalve, but which nevertheless affords ac- 
cess to an electrical signal which is proportional to 
the load pressure differential (i.e., Pi - P2). 

Referring now to Fig. 4A, the physical structure 20 
of the improved valve, generally indicated at 70, 
closely resembles that of the "PQ" valve, except 
that the mechanical feedback spring wire 29 has 
been eliminated. The other elements of the im- 
proved structure are substantially the same as 25 
those of the "PQ" valve shown in Fig. 3A. Hence, 
the same reference numerals have been again 
used to refer to the previously-described structure. 
In the improved valve, however, the position of the 
spool relative to the body is continuously mon- 30 
itored by a suitable electrical transducer, such as 
an LVDT 71. This device has a core 72 mounted 
on the spool for movement therewith relative to an 
encircling coil 73 mounted on the body. Hence, the 
LVDT is arranged to supply an electrical signal 35 
reflective of the position of the spool relative to the 
body. The use of that signal will be discussed with 
respect to Fig. 4B. 

Fig. 4B is a block diagram of the servoactuator 
shown in Fig. 4A. This diagram is similar to that 40 
shown in Fig. 3B in that the spool position and 
pressure feedback loops are again intertwined. 
However, in the improved valve, the mechanical 
spool position feedback loop used in the prior art 
"PQ" valve has been replaced by an electrical 45 
feedback loop, which has been extended to further 
encompass the servoamplifier. In other words, in 
the prior art "PQ" valve, spool position x s was 
converted by the stiffness of the feedback spring 
wire, this having been represented by gain K f in 50 
block 39, to produce a torque attributable to spool 
position. This torque opposed the electrically-com- 
manded torque produced by the torque motor. 
Hence, the output of summing point 39 repre- 
sented the net torque exerted on the flapper. This 55 
net torque caused a change in flapper position, and 
hence a net pilot flow Q P1 to the spool end cham- 
bers. As a consequence, the known "PQ" valve did 



not contain in its block diagram an electrical signal 
proportional to the load pressure differential. Rath- 
er, the net torque and flapper position were propor- 
tional to the load pressure differential, but the val- 
ues of these parameters were not measured. In- 
deed, these parameters would be difficult to mea- 
sure, in the context of the physical structure, even 
if one so desired. In the improved servovalve, the 
electrical spool position feedback loop is supplied 
to a summing point ahead of the servoamplifier. 
Hence, the current supplied to the torque motor will 
be proportional to the load pressure differential, as 
in the case of a pure "pressure-control" valve. 

Thus, in Fig. 4B, an actuator position command 
signal Xc is again supplied as a positive input to 
summing point 30, which also receives an actuator 
actual position signal X a as a negative feedback 
signal. These two signals are algebraically summed 
to provide an actuator position error signal X©. In 
the improved valve, the gain K in block 31 is 
sufficiently high that the gain of the position feed- 
back loop dominates that of the pressure feedback 
loop. This causes the improved valve to have the 
pressure-flow characteristics approximating those 
of a conventional "flow-control" servovalve. Posi- 
tion error Xe is multiplied by gain K in block 31, 
and the product therebetween is supplied as a 
positive input to summing point 74. This summing 
point also receives an negative electrical feedback 
signal reflective of the actual spool position. The 
algebraic sum of these two signals is then supplied 
to the servoamplifier 32, which provides a propor- 
tional electrical current i to torque motor 33. This 
current in turn causes a proportional torque T to act 
on the flapper. This torque is then multiplied by a 
gain of 1/K m in block 35, this representing the 
stiffness of the flapper, to produce a flapper posi- 
tion x f between the nozzles. Such flapper position 
produces a differential pressure and pilot flow to 
the spool end chambers. Hence, flapper position x f , 
when multiplied by the pilot-stage flow gain Kqp in 
block 36, produces a first flow Q P1 , which is sup- 
plied as a positive input to summing point 55. This 
summing point also receives a second flow Q P2 
from the pressure loop as a negative input. Hence, 
flows Q P1 and are summed to provide a net 
flow Q p to the spool. This net flow, when divided 
by the area of the actuator piston against which it 
acts, produces a piston velocity, which integrates 
naturally to spool position x s . Hence, the net flow 
Q n is multiplied by a gain of 1/A S S in block 38, to 
provide spool position x s . This spool position is 
determined by LVDT 71, and is provided as the 
analog negative position signal to summing point 
74. The spool position, when multiplied by the flow 
gain, represented by Kq S in block 40, produces a 
flow Q a with respect to the actuator. This flow can 
be divided by the area of the actuator piston A a 
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against which its acts, to produce an actuator ve- 
locity, which integrates naturally to actuator posi- 
tion X a . Hence, Q a is multiplied by a gain of 1/A a S 
in block 31 , to produce actuator position X a . The 
actuator position acts on the load, represented by 
block 42, to produce a force on the load F L . 

The force on the load is supplied as the input 
to the pressure feedback loop. This force may be 
divided by the actuator piston area A a to produce 
the differential load pressure. Hence, F F is multi- 
plied by a gain of 1/A a in block 56 to produce the 
differential load pressure Pi - P 2 . This pressure is 
then multiplied by the ratio of the spool end face 
area to the stub shaft end face area, this being 
represented by A s /A, in block 58, to produce an 
equivalent differential pilot pressure. This pilot 
pressure is then multiplied by an appropriate gain, 
represented by K p in block 59, to produce an 
equivalent pilot-stage flow Op2, which is supplied 
as a negative input to summing point 55. The 
actuator position X a is shown as being supplied as 
the negative feedback signal, via intermediate gain 
K in block 43, to summing point 30. 

Fig. 4C depicts the pressure-flow characteris- 
tics of the improved servovalve. As will be readily 
apparent from a comparison of Fig. 4C with. Fig. 
1C, improved valve has pressure-flow characteris- 
tics which approximate those of the conventional 
"flow-control" servovalve. Thus, the improved valve 
has a high pressure gain at small currents, but 
nevertheless affords ready access to an electrical 
signal which is substantially proportional to load 
pressure differential. 

Fig. 4D is a graph comparatively illustrating the 
pressure-flow characteristics of the three prior art 
servovalves at zero current. The dashed line is- 
suing from AP = +1 into the first and second 
quadrants, and the dashed line issuing from AP = 
-1 into the third and fourth quadrants, represent the 
square root flow characteristic at maximum valve 
opening, according to equation (1). Curve A-A 
shows the P-Q characteristic of a "flow-control" 
servovalve, such as shown in Fig. 1C, at i = .0. 
When the input current is zero, the spool of such 
"flow-control" servovalve is at null. Hence, the flow 
through the second-stage is schematically shown 
as being zero, regardless of the load pressure 
differential. Actually, the point from which the fam- 
ily of curves emanates lies in the fourth quadrant, 
slightly below the abscissa, such that the actual 
pressure gain is not infinite. However, for concep- 
tual purposes, curve A-A is shown as being sub- 
stantially coincident with the abscissa. Thus, the 
"flow-control" servovalve has a high pressure gain 
(i.e., ratio of load pressure differential to current) at 
zero current. 

Curve B-B shows the null (i.e., i = 0) P-Q 
characteristics of a "pressure-control" servovalve, 
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such as shown in Fig. 2C. This particular curve 
typifies only one of a whole family of curves possi- 
ble for different current inputs. Curve B-B is a 
substantially-vertical curve which, at its upper and 

5 lower ends, asymptotically approaches the dashed 
line envelope curves in the second and fourth 
quodrants, and passes through the origin when the 
load pressure differential is zero. Thus, when i = 0, 
and the load pressure differential is also zero, there 

70 will be no flow through the valve. The horizontal 
spacing between curve B-B and the ordinate repre- 
sents the pressure drop through the second-stage 
of the valve. Unlike curve A-A, it should be noted 
that the pressure gain of "pressure-control" curve 

75 B-B is very low, approaching zero. 

Curve C-C shows the null P-Q characteristics 
of a prior art "pressure-flow" servovalve, such as 
shown in Fig. 3C. moreover, curve C-C is intended 
to represent a situation in which the individual 

20 gains in the mechanical spool position loop (i.e., 
Km. Kqp, K f ) were maximized in a practical sense. 
Hence, curve C-C approximates the maximum 
pressure gain obtainable by maximizing the individ- 
ual component gains within the confines of realistic 

25 mechanically-adjustable limitations. Obviously, 
there are limits on the mechanical stiffness of the 
flapper, represented by a gain of 1/K« in block 35, 
upon the pilot-stage flow gain, represented by a 
gain of Kq P in block 36, and upon the stiffness of 

30 the mechanical feedback spring wire, represented 
by a gain of K f in block 39, all of which are 
dependent upon the maximum practical output of 
the torque motor. Hence, within the confines of 
variation among the individual elements of the 

35 spool position loop, the overall pressure gain of a 
servovalve having a mechanical spool position 
feedback loop was, as a practical matter, limited to 
a certain maximum value, as represented by curve 
C-C. Thus, the individual gains of the various me- 

40 chanical elements in such "pressure-flow" ser- 
vovalve could be selectively varied so that the 
overall pressure gain of the servovalve would be 
either minimized, in which case its i = 0 curve 
would substantially track the linear portion of curve 

45 B-B, or maximized, in which case its i = 0 curve 
would be in the position represented by curve C-C. 
Simply stated, the i = 0 curve of such a "pressure- 
flow" servovalve was confined to the sector-shaped 
region between curves B-B and C-C, depending on 

so the particular gains of the various elements in the 
mechanical spool position loop. Because of the 
practical limits on varying these individual gains, it 
was not possible to vary the pressure gain of the 
servovalve beyond the point represented by curve 

55 C-C. Hence, it was not possible to provide a me- 
chanical spool position "pressure-flow" servovalve 
having a pressure gain greater than that approxi- 
mated by curve C-C in Fig. 4D. 
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However, by providing an electrical spool posi- 
tion loop, the ability to vary the individual gains of 
the spool position loop elements is free from the 
constraints heretofore present with such 
mechanically-limited variables. The electrical gain 
is readily capable of wide variation, limited only by 
servomechanism stability, and is not limited by 
practical mechanical constraints. Hence, with the 
improved valve, it is possible to provide an im- 
proved servovalve having its PQ characteristic 
curve at i = 0 lying virtually anywhere between 
curves B-B and A-A in Fig. 4D, simply by changing 
the electrical loop gain, and, in particular, the driv- 
ing amplifier gain, G v - Hence, the individual elec- 
trical components of the spool position loop may, if 
desired, be selectively adjusted such that the 
pressure-flow characteristics of the improved ser- 
vovalve approach those of a conventional "flow- 
control" servovalve. This offers the advantage of 
affording the capability of high pressure gain at low 
currents to overcome static or threshhold friction, 
and performance generally comparable to that of a 
conventional flow-control" servovalve. At the same 
time, the current supplied to the torque motor will 
be substantially proportional to the load pressure 
differential. For example, this feature may be par- 
ticularly useful in equalizing the operation of two or 
more servovalves which are used to drive a com- 
mon load. If the pressure differentials produced by 
such valves are mismatched, or the forces pro- 
duced thereby are unbalanced, the discrepancy 
therebetween may lead to force-fighting at the load. 
However, with the improved valve, the electrical 
current supplied to the torque motor of each valve 
will be proportional to the load pressure differential. 
Hence, the respective currents supplied to such 
servovalves may be readily monitored and selec- 
tively adjusted to equalize, balance or otherwise 
adjust the effect on the load, as desired. 

Another significant advantage of using elec- 
trical position feedback is the ability to continuously 
and actively adjust the effective pressure gain of 
the servovalve by changing the electrical gain. 
Hence, the driver amplifier gain Gv could contain 
frequency dependent compensation which could, 
for example, provide high pressure gain at low 
frequencies, but reduced pressure gain in the vi- 
cinity of an actuator load resonance. Hence, dy- 
namic pressure feedback may be implemented in a 
much simpler, more flexible form. 

Claims 

1- A two-stage electrohydraulic servovalve (70) 
associated with a fluid-powered load (1 1 ,42), 
said servovalve being associated with a fluid 
source (P s ) and a fluid return (R) and arranged 
to control a flow of fluid through a control port 



(Ci or C2) with respect to said load, said 
servovalve comprising a pilot-stage (16) adapt- 
ed to be supplied with electrical current and 
operative to produce a pilot-stage pressure 

5 proportional to said current, a second-stage 

valve member (61) mounted for movement rel- 
ative to a body to vary the area of at least one 
orifice (C1 C2) through which fluid will flow with 
respect to said load, a pressure feedback loop 

70 (55,56,58,59) closed about said load (11,42) 

and said second-stage valve member (61) and 
operative to cause said second-stage to pro- 
duce at least one second-stage output pres- 
sure (Pi,P2) responsive to said pilot-stage 

75 pressure, and a position feedback loop closed 

about said second-stage valve member (61) 
and said pilot- stage (16), characterised in that 
said position feedback loop is an electrical 
feedback loop (71,74) operatively arranged to 

20 produce a valve member position error signal 

as the algebraic sum of a valve member posi- 
tion command signal and a negative valve 
member position feedback signal, said position 
error signal being amplified to supply current 

25 to said pilot stage (16) proportional to said 

position error signal, and in that the amplifica- 
tion of said position error signal is such as to 
cause said servovalve substantially to have the 
pressure-flow characteristics of a conventional 

30 flow-control servovalve in response to said po- 

sition command signal, the current supplied to 
said pilot-stage being proportional to said 
second-stage output pressure. 

35 2. A two-stage electrohydraulic servovalve ac- 
cording to claim 1, wherein said servovalve is 
a four-way servovalve arranged to control flows 
of fluid through two control ports (C1 and C2), 
the pilot stage is operative to produce a pilot- 

40 stage pressure differential proportional to the 

current supplied thereto, and the pressure 
feedback loop is operative to cause said sec- 
ond stage to produce a second stage pressure 
differential proportional to the pilot stage pres- 

45 sure differential. 

3. A two-stage electrohydraulic servovalve ac- 
cording to claim 1 or claim 2, wherein said 
valve member (61) is a valve spool mounted 

50 for linear sliding movement relative to said 

body. 

4. A two-stage electrohydraulic servovalve ac- 
cording to any one of the preceding claims, 

55 wherein said pilot-stage (16) includes a torque 

motor. 
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5. A two-stage electrohydraulic servovalve ac- 
cording to any one of the preceding claims, 
wherein said pressure feedback loop 
(55,56,58,59) is arranged to produce a pres- 
sure error signal as the algebraic sum of a 
pressure command signal and a negative pres- 
sure feedback signal. 

6. A two-stage electrohydraulic servovalve ac- 
cording to claim 5, wherein said pressure feed- 
back loop is hydromechanicaL 

Patentanspruche 

1. Zweistufiges elektrohydraulisches Servoventil 
(70), verbunden mit einer hydraulisch angetrie- 
benen Last (11,42), wobei das Servoventil mit 
einer Flussigkeitsquelle (P s ) und einem Flus- 
sigkeitsrucklauf (R) verbunden ist und einge- 
richtet ist, einen Flussigkeitsstrom durch eine 
Steueroffnung (Ci Oder C2) in Bezug auf die 
Last zu steuern, wobei das Servoventil eine 
Leitstufe (16), eingerichtet, urn mit elektri- 
schem Strom versorgt zu werden, und be- 
triebsfahig, um einen dem Strom proportiona- 
len Leitstufendruck zu erzeugen, ein Zweitstu- 
fenventilelement (61), angebracht zur Bewe- 
gung relativ zu einem Gehause, um die Flache 
mindestens einer Offnung (Ci,C2) zu veran- 
dern, durch die Flussigkeit in Bezug auf die 
Last fliefien wird, eine Druckruckkopplungs- 
schleife (55,56,58,59), geschlossen um die 
Last (11,42) und das Zweitstufenventilelement 
(61) und betriebsfahig, um die Zweitstufe zu 
veranlassen, ansprechend auf den Leitstufen- 
druck mindestens einen Zweitstufenausgangs- 
druck (Pi,P2> zu erzeugen, und eine Positions- 
ruckkopplungsschleife umfaBt, die um das 
Zweitstufenventilelement (61) und die Leitstufe 
(16) geschlossen ist, dadurch gekennzeich— 
net, daB die Positionsruckkopplungsschleife 
eine elektrische Ruckkopplungsschleife (71,74) 
ist, betriebsfahig eingerichtet, um ein Ventilele- 
mentpositionsfehlersignal als die algebraische 
Summe aus einem Ventilelementpositionsstell- 
signal und einem negativen Ventilelementposi- 
tionsruckkopplungssignal zu erzeugen, wobei 
das Positionsfehlersignal verstarkt wird, um der 
Leitstufe (16) einen dem Positionsfehlersignal 
proportionalen Strom zuzufuhren, und da- 
durch, daB die Verstarkung des Positionsfeh- 
lersignals derartig ist, um das Servoventil zu 
veranlassen, als Reaktion auf das Positions- 
stellsignal im wesentlichen die Druck- 
DurchfluB-Eigenschaften eines herkommlichen 
DurchfluBregelungs-Servoventils zu haben, wo- 
bei der der Leitstufe zugefuhrte Strom dem 
Zweitstufenausgangsdruck proportional ist. 



2. Zweistufiges elektrohydraulisches Servoventil 
nach Anspruch 1, worin das Servoventil ein 
Vierweg-Servoventil ist, eingerichtet, um Flus- 
sigkeitsstrome durch zwei Steueroffnungen 

5 (C1 und C2) zu steuern, die Leitstufe betriebs- 

fahig ist, eine Leitstufendruckdifferenz propor- 
tional zu dem daran angelegten Strom zu er- 
zeugen, und die Druckruckkopplungsschleife 
betriebsfahig ist, um die Zweitstufe zu veran- 

70 lassen, eine der Leitstufendruckdifferenz pro- 

portionale Zweitstufendruckdifferenz zu erzeu- 
gen. 

3. Zweistufiges elektrohydraulisches Servoventil 
75 nach Anspruch 1 oder 2, worin das Ventilele- 

ment (61) eine zur linearen gleitenden Bewe- 
gung relativ zu dem Gehause angebrachte 
Ventilspule ist. 

20 4. Zweistufiges elektrohydraulisches Servoventil 
nach einem der vorangehenden Anspruche, 
worin die Leitstufe (16) einen Drehmomentmo- 
tor enthalt. 

25 5. Zweistufiges elektrohydraulisches Servoventil 
nach einem der vorangehenden Anspruche, 
worin die Druckruckkopplungsschleife (55,56, 
58,59) eingerichtet ist, um ein Druckfehlersi- 
gnal als die algebraische Summe aus einem 

30 Druckstellsignal und einem negativen Druck- 

ruckkopplungssignal zu erzeugen. 

6. Zweistufiges elektrohydraulisches Servoventil 
nach Anspruch 5, worin die Druckruckkopp- 
35 lungsschleife hydromechanisch ist. 

Revendications 

1. Servodistributeur electrohydraulique a deux 

40 etages (70) associe a une charge (11,42) ac- 

tionnee par un fluide, ledit servodistributeur 
etant associe a une source de fluide (P s ) et a 
un retour de fluide (R) et etant a meme de 
regir un debit de fluide a travers un orifice de 

45 commande (C1 ou C2) par rapport a ladite 

charge, ledit servodistributeur comprenant un 
etage pilote (16) qui peut etre alimente en 
courant electrique et qui est a meme de pro- 
duire une pression d'etage pilote proportion- 

50 nelle audit courant, un tiroir de second etage 

(61) mont£ pour se deplacer par rapport a un 
corps afin de modifier Taire d f au moins un 
orifice (Ci, C2) par lequel du fluide s'ecoulera 
par rapport a ladite charge, une boucle de 

55 retroaction de pression (55, 56, 58, 59) reve- 

nant en contournant ladite charge (11,42) et 
ledit tiroir de second etage (61) et intervenant 
pour amener ledit second etage a produire au 
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moins une pression de sortie de second etage 
(Pi, P2) sensible a la pression dudit etage 
pilote, et une boucle de retroaction de position 
revenanl en conlournanl ledit tiroir de second 
etage (61) el ledit etage pilote (16), caracterise 
en ce que ladite boucle de retroaction de posi- 
tion est une boucle de retroaction electrique 
(71,74) propre a produire un signal d'erreur de 
position de tiroir sous la forme de la somme 
algebrique d'un signal de commande de la 
position du tiroir et d'un signal de retroaction 
negatif de la position du tiroir, ledit signal 
d'erreur de position etant amplifie pour fournir 
audit etage pilote (16) un courant proportionnel 
audit signal d'erreur de position, et I'amplifica- 
tion dudit signal d'erreur de position est telle 
que ledit servodistributeur possede en subs- 
tance les caracteristiques de pression-debit 
d'un servodistributeur de debit classique en 
reponse audit signal de commande de posi- 
tion, le courant fourni audit etage pilote etant 
proportionnel a ladite pression de sortie du 
second etage. 



6. Servodistributeur electrohydraulique a deux 
etages selon la revendication 5, dans lequel 
ladite boucle de retroaction de pression est 
hydromecanique. 

5 
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2. Servodistributeur electrohydraulique a deux 25 
etages selon la revendication 1, dans lequel 
ledit servodistributeur est un servodistributeur 

a quatre voies congu pour commander des 
debits de fluide a travers deux orifices de 
commande (C1 et C 2 ), I'etage pilote peut inter- 30 
venir pour produire une difference de pression 
proportionnelle au courant qui est fourni a 
I'etage pilote, et la boucle de retroaction de 
pression peut intervenir pour amener ledit se- 
cond etage a produire une difference de pres- 35 
sion proportionnelle a la difference de pression 
de I'etage pilote. 

3. Servodistributeur electrohydraulique a deux 
etages selon la revendication 1 ou 2, dans 40 
lequel ledit tiroir (61) est un piston-valve monte 
pour se deplacer a coulissement lineaire par 
rapport audit corps. 

4. Servodistributeur electrohydraulique a deux 45 
etages selon I'une quelconque des revendica- 
tions precedentes, dans lequel ledit etage pilo- 
te (16) comprend un moteur-couple. 

5. Servodistributeur electrohydraulique a deux 50 
Stages selon I'une quelconque des revendica- 
tions precedentes, dans lequel ladite boucle de 
retroaction de pression (55, 56, 58, 59) est 
prevue pour produire un signal d'erreur de 
pression sous la forme de la somme algebri- 55 
que d'un signal de commande de pression et 
d'un signal de retroaction de pression negatif. 
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